This study shows a simple, rapid, and specific method for the quantitative determination of cyanide ion in body fluids, especially blood, by fluorimetry. It is based upon the transformation of cyanide ion into hydrocyanic acid, which then reacts with 2,3-naphthalenedlaldehyde and taurine in a self-contained system. The 1-cyano-2-benzoisoindole derivate thus formed is suitable for fluorimetric measurement (~EX = 418 nm; ~EM = 460 nm). The fluorescence intensity can be determined by spectrophotometry or by high-performance liquid chromatography (HPLC) with fluorescence detection. The detection limit is 0.002 pg/mL. Linearity was excellent from 0.002 to 1 pg/ml, for spectrophotometry and from 0.002 to 5 pg/mL for HPLC with fluorescence detection. The coefficient of variation for repeatability was 8% or less. Thiocyanate and sulfide did not interfere, even at high concentrations (200 pg/mL). The method was applicable to whole blood, so it should be suitable for both clinical and forensic purposes.
Introduction
Cyanide poisonings are rather common because humans are exposed to cyanide from the consumption of plants such as almonds or cassava that contain cyanide (1) , from voluntary ingestion of acetonitrile and alkaline cyanide (2,3), and from exposure and accidental inhalation of toxic gases in several branches of industry (4) or in fires (5, 6) . Over the past few years, hydrogen cyanide has been investigated as the second most important gas forensically, the most forensically important gas being carbon monoxide.
In all these cases the blood determination of cyanide for an exact diagnosis is important in a concentration ranging from 0.1 to 5 lag/mL. The following methods have been employed for this purpose: spectrophotometry (9, 10) , fluorimetry (11) (12) (13) (14) , electrochemistry (15, 16) , and chromatography. Chromato-* Author to whom correspondence should be addressed.
Material and Methods

Reagents
All chemicals were analytical reagent grade. Solutions were prepared with deionized water. A 10raM stock standard solution of cyanide was prepared with potassium cyanide (Merck, Darmstadt, Germany) in 0.1M sodium hydroxide.
The concentration of the stock standard solution was calibrated by silver nitrate according to Liebig's method (27) . Working standard solutions were prepared by dilution of the stock solution with water. A phosphate buffer (pH 8.0) was prepared by mixing 969 mL of a sodium hydrogen phosphate solution (11.878 g/L) and 31 mL of a potassium dihydrogen phosphate solution (9.073 g/L). A stock 4mM solution of 2,3-naphthalenedialdehyde (NDA, Aldrich-Chemie, Steinheim, Germany) was prepared in methanol. This solution was diluted with the phosphate buffer to give a lmM solution and stored in an amber glass bottle at 4~ The diluted NDA solution could be used for at least seven days. Taurine (Aldrich-Chemie, Steinheim, Germany) was used as a 5raM solution in the phosphate buffer. The taurine solution could be used for at least four weeks when stored at 4~
Equipment
HPLC method. The HPLC system was a Hewlett-Packard model HP]090 equipped with a fluorescence detector model F1080 (~.Ex = 418 nm; ~EM = 460 nm; Merck, Darmstadt, Germany) and a 5-tJm Hypersil ODS RP18 column (100 mm • 2.1-mm i.d., Hewlett-Packard, Waldbronn, Germany). The column temperature was ambient, and the flow rate was 0.4 mL/min. Results were processed using a Merck-Hitachi D2500 reporting integrator.
Fluorescence spectroscopic method. A fluorescence spectrometer Perkin-Elmer LS 50B with a 0.3-mL precision quartz glass cuvette Suprasil (pathlength 0.5 cm) was used, operating at 418-nm excitation and 460-nm emission. The attenuation was calculated as 9.
Procedure
A 2-inK sample (standard or heart blood) was pipetted into 20-mL headspace vials (Perkin-Elmer). Sulfuric acid (10% w/w; 0.5 mL) containing 200 mg NaHSO4 was added. Ill Special tubes (2 mL) containing 200 pL each of diluted NDA solution and taurine solution (5mM) were immediately placed into the headspace vials with a pair of tweezers to avoid evaporation of the HCN in the process of development. The 20-mL headspace vials were stoppered using a Teflon-faced butyl rubber septum and an aluminum crimp-top cap ( Figure 1 ). The sample was vortex mixed for 5 s.
Sealed vials were kept for 120 rain at 35~ to permit any CN-to defuse into the NDA and taurine.
Results
Fluorimetric method
Calibration curves were made using deionized water spiked with various concentrations of cyanide (curve 1: range of 0 to 0.5 lJg/mL in steps of 0.05 lag/mL; curve 2: range of 0 to 1.0 lag/mL in steps of 0.1 lag/mL). Table I shows the concentration ranges, the equations, and the correlation coefficients (n = 10) for both determinations, curve I and curve 2. Linearity was excellent in both ranges. The results of the calibration were compared with two reference materials with argentometrically determinated cyanide concentrations of 0.25 and 0.75 lag/mL in deionized water.
The coefficient of variation (CV) for repeatability was less than 8% (n = 10). The recovery (0.25 tag/mL in curve 1 and 0.5 pg/mL in curve 2) was between 80 and 90%.
Changes in incubation time (from 15 to 180 min) and temperature (from 20 to 120~ provided no improvement. At room temperature, the intensity of the fluorescence began to fail 120 min after the end of the reaction time.
Possible interferences of thiocyanate (up to 100 pg/mL) and sulfide concentrations (up to 300 pg/mL) were studied. Samples of deionized water spiked with various concentrations of cyanide (0.05, 0.1 and, 0.5 pg/mL) and of thiocyanate or sulfide were studied. The fluorescence intensities determined with and without thiocyanate and sulfide were identical, indicating that thiocyanate and sulfide did not interfere (Table II) .
The determinations were repeated using whole blood samples (with heparin as anticoagulant) spiked with cyanide. The reproducibility of curve I (0.25 pg/mL cyanide in whole blood) is characterized by a coefficient of variation of 6%. For curve 2 (0.5 lag/mL cyanide in whole blood), we found a coefficient of variation of 8%. The recoveries were about 100% for the prepared whole blood samples. Whole blood samples and samples of deionized water gave identical standard curves.
HPLC method
The retention time of the 1-cyano-2-substituted benzoisoindole derivate was about 1.7 min, and the resulting peak was uniform and symmetrical with no tailing (Figure 2 ). Calibration curves were made using normal blood and water spiked with various concentrations of cyanide. Three calibration curves where made for defined ranges of cyanide concentrations: high (curve 3, 0 to 5.00 IJg/mL cyanide), beginning toxic (curve 4, 0 to 1.00 IJg/mL cyanide), and physiological levels of cyanide (curve 5, 0 to 0.05 IJg/mL cyanide). Injection volume and filter factors were different in the three ranges. Each of the calibration curves was linear in the defined range under these conditions (Table III) . The intra-assay CV was 2--8% (n = 10). For curve 3, there is a CV of 4.1% at 0.025 IJg CN-/mL with a standard deviation (SD) of 0.001 IJg CN-/mL. In the case of curve 4, there is a CV of 3.1% at 0.5 I~g CN-/mL with an SD of 0.015 IJg CN-/mL, and in curve 5, there is a CV of 2.0% at 2.50 IJg CN-/mL with an SD of 0.05 IJg CN-/mL. The results of the calibration were compared with reference solutions with argentometrically determinated cyanide concentrations of 0.025, 0.500, and 2.5 IJg/mL in deionized water. The coefficient of variation for repeatability was between 2 and 8%. Specially prepared samples were determined by HPLC because the retention time of various spikes in HPLC determination makes a differentiation of various fluorescending substances possible. Therefore, samples of deionized water spiked with various concentrations of sodium thiocyanate, thiosulfate, sulfide, sulfite, potassium hexacyanoferrate-(II), and hexacyanoferrate-(III) were prepared. Samples with concentrations of 50 and 100 Iag/mL each of the substances were analyzed using HPLC. We differentiated these determinations in the following manner: samples were prepared as mentioned previously, but substances were added directly into the special tubes (2 mL) containing 200 IJL each of diluted NDA solution and taurin solution (5mM). Results can be summarized as follows: neither concentration of 50 nor of 100 IJg/mL each of the determinated anions produced any fluorescence when 0.998 samples were prepared using our method. Analyzed 0.996 after direct addition to NDA solution and Taurin  o.990 solution, only S-and SO32-(100 IJg/mL) showed a peak in the chromatogram. The respective retention times for sulfite and sulfide were about 1.9 and 2.0 min (Table IV) . These HPLC results showed that a direct determination of cyanide by fluorimetry is possible because the fluorescence intensity is not influenced by thiocyanate, thiosulfate, sulfide, sulfite, hexacyanoferrate-(II), and hexacyanoferrate-(III).
The accuracy of both method was compared using cyanide samples (0.1 IJg/mL). The results of five samples each determined by direct fluorimetry and HPLC were analyzed by F-test using MS Excel TM 5. The results can be summarized as follows: with a likelihood of error at p = 5%, the differences of the analyzed cyanide concentrations are not significant; the accuracy of both methods is excellent.
* Detected only after direct addition to NDA and taurine solution.
Sulfide derivate* Sulfite derivate*
Discussion
Because the concentration of cyanide in red blood cells is 98% and only 2% in plasma (28) , whole blood, which should not be coagulated, was used for the determination. The cyanide half-life is about 1 h, so the sample should be taken and analyzed as quickly as possible. Heart blood is usually used for the determination of carbon monoxide; therefore, we also used the same sample material for cyanide determination. The described procedure is convenient because the reactions are carried out in a single step. The determination of the cyanide concentration can be realized either by measurement of the fluorescence intensity after HPLC or directly by fluorescence spectroscopic method. The limit of detection (peak area or value of fluorescence intensity three times higher than background level) was found to be 0.002 IJg cyanide/mL.
Conclusion
The aim of this study was to develop a new procedure for the fluorimetric detection of cyanide in whole blood. The preparation of the sample before analysis is simple and rapid. The method is specific for cyanide and does not show any interference from thiocyanate and sulfide. The sample material for the forensic determination of cyanide was heart blood, but samples of venous blood can also be analyzed for the determination in emergency toxicology.
